Introduction {#sec1}
============

Transparent wood (TW), combining good mechanical performance with high optical transmittance, is a new material for applications in light-transmitting buildings and smart windows.^[@ref1]^ Preparation of TW is normally based on delignification followed by infiltration of a refractive-index-matched polymer.^[@ref2],[@ref3]^ Following such a process, the microscopic and hierarchical structure of the wood^[@ref4],[@ref5]^ is preserved, and hence the mechanical and optical properties of TW are anisotropic.^[@ref1]−[@ref3],[@ref6],[@ref7]^

Since its initial realization,^[@ref7]^ there have been rapid developments on improved TW preparation techniques and TW potential applications. Related research activities include improved optical properties via surface modification of delignified wood templates,^[@ref1]^ tuning mechanical properties by lamination,^[@ref8]^ novel preparation of TW with larger thickness,^[@ref9],[@ref10]^ endowing TW with multiple functionalities (luminescent TW doped with quantum dots,^[@ref8],[@ref11]^ wood laser embedded with luminescent dye,^[@ref12]^ magnetic wood,^[@ref13]^ thermal energy storage TW,^[@ref14]^ and heat shielding TW^[@ref15]^), and integration of TW to construction elements or optoelectronic devices (smart windows^[@ref16]^ and solar cells^[@ref17]^).

Better understanding of optical properties of TW is essential for further development of this class of optically functional materials. In many applications, for example energy-saving buildings and solar cells,^[@ref6],[@ref17],[@ref18]^ the total light transmittance is an important property. Fundamentally, light transmittance through a TW is highly influenced by light scattering because of the refractive index mismatch between the wood template and the infiltrating polymer, as well as the presence of air gaps between template and polymer.^[@ref2]^ It was observed that surface modification^[@ref1]^ and lamination^[@ref8]^ of delignified wood template lamellae can be used to tune light scattering/haze and also transmittance. Previous work focused mostly on either total transmittance at particular TW thicknesses,^[@ref2],[@ref10]^ or angular distribution of light transmitted through TW at various thicknesses.^[@ref19]^ A quantitative relationship between total transmittance and sample thickness, however, is rarely studied.

For nonscattering media, the Beer--Lambert Law (BL, or absorption law) is well recognized to describe the relationship between transmittance and sample thickness as *T* = exp(−μ~a~*d*), where *T* is the transmittance, *d* is the sample thickness, and *μ*~a~ is the absorption coefficient. This expression is based on the random nature of stochastic light absorption, characterized by the rate constant *μ*~a~. For scattering materials, for example, animal tissue^[@ref20]^ and TW, BL cannot be applied directly because the actual optical path length (OPL) for light shows a broad distribution due to scattering.^[@ref21]^ Many approaches have been proposed for modified BL for scattering media to characterize absorption.^[@ref22]−[@ref27]^ However, most of them do not describe "angle-integrated transmittance" for the scattering materials or models. The classical diffusion equation has been applied to describe photon transport inside materials. Durian et al. found that the diffusion coefficient depends on the absorption in a scattering material.^[@ref28]^ Donner et al. investigated the light diffusion in multilayered translucent materials based on a multipole diffusion approximation.^[@ref29]^ Work by Elaloufi et al. described the application of the photon diffusion equation to a scattering and absorbing material.^[@ref30]^ For anisotropic scattering materials, Johnson et al. investigated the light transport in chemically etched gallium phosphide wafers.^[@ref31]^ These results show the potential use of the diffusion equation to describe light propagation in highly anisotropic scattering materials such as TW.

In this work, using the anisotropic photon diffusion equation, we suggest a relationship between angle-integrated total transmittance and thickness for TW, in the form of an exponential decay expression. Total transmittances for TW samples in a range of thicknesses were measured. The expression was used to fit measured transmittances with respect to the sample thickness. The TW materials were based on wood templates subjected to two different chemical treatments. An attenuation coefficient of 1.67 ± 0.08 cm^--1^ was obtained for nonacetylated TW and 0.64 ± 0.01 cm^--1^ for acetylated TW at a wavelength of 550 nm. The results prove that, in addition to the absorption coefficient, the diffusion coefficient (scattering) also plays an important role for total light transmittance. These two samples have essentially the similar light-absorbing lignin content and differ in scattering strength.

Haze measurements were carried out to verify this conclusion. The nonacetylated TW indeed exhibits higher haze, because of microgaps between the treated wood templates and the infiltrated polymer.^[@ref1]^ Based on the proposed relationship as well as the attenuation coefficient obtained from fitting, one can predict transmittance of TW as a function of thickness. The attenuation coefficient becomes important in comparing light-transmitting qualities of TW samples based on different wood species or chemical treatments. The model is in general valid to predict transmittance for other types of anisotropic scattering materials.

Experimental Section {#sec2}
====================

Fabrication of Transparent Wood {#sec2.1}
-------------------------------

In the present work, acetylated TW and nonacetylated TW with different thicknesses were fabricated on the basis of our previous methods with minor modification.^[@ref1],[@ref2]^

The preparation of acetylated TW includes four main steps: delignification, wood acetylation, bleach and infiltration of prepolymerized methyl methacrylate (PMMA). First, balsa wood (density = 120 kg/m^3^, purchased from Wentzels Co. Ltd., Sweden) samples were cut from the longitudinal section of the tree with the different thicknesses (0.24, 0.32, 0.42, 0.51, and 0.65 cm). Samples with dimension of 20 × 20 mm were delignified at 80 °C using 1 wt % of sodium chlorite (NaClO~2~, Sigma-Aldrich) in an acetate buffer solution (pH 4.6) for 6 h (12 h for 0.51 and 0.65 cm, to make sure all the templates have a similar composition). After that, the delignified samples were washed with deionized water, ethanol, and finally acetone. At the second step, the delignified template was treated with acetic anhydride (Sigma-Aldrich) in the solvent of *N*-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) with pyridine (Sigma-Aldrich) as the catalyst. The ratio of wood template (g):acetate anhydride (mL):pyridine (mL):NMP (mL) is 2:7:6:100. The reaction was performed under 80 °C for 6 h. Third, the acetylated wood was treated with NaClO~2~ again until white and washed with deionized water, ethanol, and finally acetone. Finally, the delignified wood templates were then infiltrated with PMMA solution for 4 h (12 h for 0.51 and 0.65 cm) under vacuum and were heating in an oven at 45 °C for 24 h, and then 70 °C for 6 h to complete the polymerization process. MMA prepolymerization reaction was performed in a round-bottom flask at 75 °C for 15 min with initiator (2-methylpropionitrile, 0.3 wt %, AIBN, Sigma-Aldrich) and terminated with ice--water bath. The infiltrated wood templates were covered with two glass slides on both sides and packaged in the aluminum foil before heating in an oven. Acetylated TW was obtained after the polymerization process.

Nonacetylated TW (balsa, thickness: 0.11, 0.21, 0.25, 0.31, 0.43, and 0.46 cm) preparation is similar to acetylated TW but with only two main steps: delignification and infiltration of PMMA. The present sample thickness range is similar as in previous TW literature, and primarily limited by mass transport challenges during delignification and monomer infiltration.

Characterization {#sec2.2}
----------------

The cross sections of the samples were observed with a Field-Emission Scanning Electron Microscope (SEM, Hitachi S-4800, Japan) operating at an acceleration voltage of 1 kV.

Angle-integrated total transmittance and haze of the samples were measured with an integrating sphere according to ASTM D1003 "Standard Test Method for Haze and Luminous Transmittance of Transparent Plastics".^[@ref32]^ The sample was set in front of an input port of the integrating sphere, a light source (quartz tungsten halogen light source, model 66181 from Oriel Instruments) with strong, stable output mainly in the visible and NIR region was applied as the incident beam. The output light was collected through an optical fiber connected to the output port of integrating sphere. Each sample was measured 3 times; and the results show statistically averaged values with \<1% error.

Diffusion Equation for Transparent Wood {#sec2.3}
---------------------------------------

For photon transport in a scattering material, the diffusion equation was modified. Transparent wood is an anisotropic, highly scattering material. When a photon is transported inside the material, scattering could occur at the interfaces between the wood cell wall and the infiltrated polymer and from cell wall pores. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows a cross-section of the original balsa wood, where the average diameter of tubular wood fiber cells is around 30 μm. Note the larger vessel elements, which have much larger diameter. The diffusion model can be applied when photons lose directionality and the transport process becomes stochastic. For TW, an incoming photon initially travels some distance inside the scattering media, but later the initial direction is lost because of scattering ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Therefore, the photon diffusion equation can describe photon transport inside TW. In addition, unlike transparent paper with random organized fibers, transparent wood is an anisotropic scattering material. When the incoming light beam is perpendicular to the wood fiber direction, less scattering happens along the wood fibers (*z*-direction) than perpendicular to fiber direction (*x--y* plane, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). At least two different diffusion coefficients should be considered: *D*~*xy*~ (in the plane perpendicular to the fiber direction) and *D*~*z*~ (along the fiber direction). The general diffusion equation for transparent wood can be written as followswhere *p(x, y, z, t)* is the photon position in TW at time *t*, *D*~*xy*~, and *D*~*z*~ are the diffusion coefficients perpendicular and parallel to the wood fibers, μ is the isotropic absorption coefficient for TW, *c* is the speed of light in TW samples. The equation describes the particle probability density (concentration) evolvement as a function of time. The scheme is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. In the figure, the incoming beam (which is along *y*-axis) is perpendicular to the wood fibers (*z*-axis), and *x*-axis is in the same sample plane as *z*-axis, but perpendicular both to the wood fibers and the input beam. When a photon enters the TW sample, it will be scattered until it leaves the medium or is absorbed (disregarding ballistic photons). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c shows the scattering pattern of a red laser beam in the *x--z* detection plane behind the sample of nonacetylated TW with thickness of 0.31 cm. The scattering pattern shows that the scattering strengths parallel and perpendicular to the wood fibers are different, as discussed above.

![(a) SEM image of the cross-section of balsa wood template, (b) Schematic image illustrating light scattering in TW, (c) light scattering pattern for a beam that has passed through the TW sample.](am9b11816_0001){#fig1}

The time-dependent solution for *p(x, y, z, t)* can be obtained, for instance by using a method of images for a point source.^[@ref31]^ Because we are interested in the total transmittance, it can be integrated along *x*- and *z*-directions and over the time at *y = d*, where *d* is the sample thickness. The resulting *p*(*d*) is regarded as a fraction of transmitted photons for a unity point source. The total transmittance of the TW as a percentage value of incoming light is described as follows:^[@ref33],[@ref34]^[Equation [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} shows that the total transmittance (*T*~total~) of TW has an exponentially decaying dependence on sample thickness. We refer to the constant in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} as the attenuation coefficient. It depends not only on the absorption coefficient μ but also on the anisotropic diffusion coefficient. In this study, it is the exponential thickness dependence of total transmittance in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} that is used to understand and predict transmittance of TWs. The attenuation coefficient α is determined through fitting of experimentally measured transmittance data. The material-specific constant α contains the effects of both light absorption and diffusion (where the diffusion coefficient *D* ∼ (3(*μ*~s~ + μ))^−1^ and *μ*~s~ refers to scattering coefficient). Quantitative determination of specific absorption and diffusion (scattering) coefficients, which determine the value for α, will be carried out separately.

Results and Discussion {#sec3}
======================

Data for total transmittance of nonacetylated TW and acetylated TW materials with different thicknesses are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, b. Both the nonacetylated TW and the acetylated TW show decreased transmittance with increased thickness in the visible light region. The relatively lower transmittance at blue-light spectral region is most likely due to absorption by the remaining lignin. However, the wavelength dependence is not a strong effect and does not strongly influence the total transmittance. The transmittance of nonacetylated TW at a wavelength of 550 nm was 84, 71.5, 65.3, 61.6, 51.3, and 44.4% with sample thicknesses of 0.11, 0.21, 0.25, 0.31, 0.43, and 0.46 cm, respectively. The values for acetylated TW were 86, 82.1, 77.1, 72.1, and 66.2% with sample thicknesses of 0.24, 0.32, 0.42, 0.51, and 0.65 cm, respectively. The relationship between the total transmittance and sample thickness is described by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, d show the linear fit of ln *T*~total~ and sample thickness *d* at wavelength 550 nm based on minimizing the root-mean-square (RMS) error between the measured data and the fitted curve. The RMS error is 0.98 for nonacetylated TW, and 0.99 for acetylated TW. The attenuation coefficient α, which reflects how fast light intensity is reduced with increased thickness of TW samples, were obtained as 1.67 ± 0.08 cm^--1^ for nonacetylated TW, and 0.64 ± 0.01 cm^--1^ for acetylated TW at 550 nm. The pictures inserted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, d show the appearance of TW samples with different thicknesses on top of a printed symbol "W". It is apparent that there is increased randomization of light passing through the samples, as the sample thickness is increased. Attenuation coefficients at λ = 500, 600, 650, and 700 nm were also determined for nonacetylated TW and acetylated TW, which are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. It is interesting that the attenuation coefficient α decreases as the wavelength increases. This is the case for both acetylated and nonacetylated TW. This fact can be tentatively explained invoking Rayleigh scattering, where the scattering strength is strongly inversely proportional to the wavelength. Larger diffusion coefficient for longer wavelengths then leads to a smaller attenuation coefficient. The attenuation coefficient introduced here can be used to predict the total transmittance of a given material and compare light attenuation for different TW materials.

![(a, b) Transmittance spectra of the nonacetylated TW and acetylated TW in the visible range. (c, d) Fitting between the ln*T*~total~ and the sample thickness for nonacetylated TW and acetylated TW at wavelength of 550 nm, respectively. The pictures inseted in c and d show both the TW samples with different thicknesses on top of a printed symbol "W".](am9b11816_0002){#fig2}

###### Attenuation Coefficients for Both Nonacetylated TW and Acetylated TW at Different Wavelengths

                               500 nm        600 nm        650 nm        700 nm
  ---------------------------- ------------- ------------- ------------- -------------
  nonacetylated TW (cm^--1^)   1.75 ± 0.13   1.62 ± 0.08   1.58 ± 0.08   1.56 ± 0.07
  acetylated TW (cm^--1^)      0.71 ± 0.02   0.61 ± 0.01   0.58 ± 0.01   0.57 ± 0.01

[Equation [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} shows that the total transmittance of TW can be strongly influenced by scattering. Two contributions to light scattering inside TW are refractive index mismatch (between wood template and polymer) and air gaps between wood cell wall and the infiltrated polymer. The acetylation process improves the interaction between the wood cell wall and PMMA, reduces the extent of wood/PMMA debond gaps, and results in reduced scattering from corresponding air pockets at wood/PMMA interfaces. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, b shows the interfaces (red arrows) between the cell wall and PMMA for nonacetylated TW and acetylated TW, respectively, where light scattering occurs. The presence of air gaps between cell wall and PMMA is particularly apparent in nonacetylated TW, where strong light scattering takes place ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, green arrows). The acetylated TW micrograph in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b does not show apparent wood/PMMA debond gaps, and light scattering is expected to be reduced.

![(a, b) SEM micrographs of freeze-fractured cross-sections of nonacetylated TW and acetylated TW, the arrows show scattering centers (the red arrows are the interface between PMMA and wood cell wall, greens are the air gaps). (c, d) Possible path and path length in the cell lumen and TW samples, respectively. (e, f) Haze spectra of nonacetylated TW and acetylated TW in the visible range.](am9b11816_0003){#fig3}

To explain light scattering inside TW, a simplified scheme of light propagation and scattering mechanisms in TW is suggested in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. In this scheme, the wood cells are simplified to have cylindrical shapes, and the absorption coefficient is the same inside the whole material. When a photon travels into cell lumen space, scattering takes place at the interface between the polymer and the wood cell wall, and the photon can go in random directions. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d schematically shows the possible route for a photon traveling through TW, where scattering occurs at each interface.

Scattering can lead to photon transport in random directions, and the optical path length for individual photons can be very different. Photons can be backscattered with an OPL = L1, or L2 or L3 through the sample, see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d. Obviously, details of scattering paths are very sensitive to microstructural details in a composite, in particular optical scattering centers and defects. In a material with a larger density of scattering centers (for example in nonacetylated TW), the extent of scattering and the haze are increased. Haze is a measure of the fraction of transmitted light which is scattered forward at wide angles, therefore qualitatively reflecting the scattering coefficient and thereby the diffusion coefficient. The measured haze spectra are presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e, f. The haze of nonacetylated TW at λ = 550 nm was 78.8% with sample thickness 0.25 cm, which is higher than the value for acetylated TW with sample thickness of 0.24 cm (66.7%). The same trend exists for all sample thicknesses. The data show that the haze of nonacetylated TW is always higher than that for acetylated TW at comparable thickness, which means that the scattering in nonacetylated TW is stronger than for acetylated TW, and this also corresponds to higher transmittance for acetylated TW.

To verify the validity of [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} at other sample thicknesses, a nonacetylated TW material with a thickness of 0.59 cm and an acetylated TW material with a thickness of 1 cm (insets in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a on top of the symbol "W") were fabricated (the delignification time was 12 h for 0.59 cm sample and 18 h for 1 cm sample). On the basis of the attenuation coefficients obtained from the exponential fitting ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, d, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} predicts the total transmittance of a nonacetylated TW with thickness 0.59 cm at wavelengths of 500, 550, 600, 650, and 700 nm to be 35.6, 37.3, 38.5, 39.4, and 39.8%, respectively, whereas the experimental data are 35.8, 37.6, 38.8, 39.7, and 40.4%, respectively. The predicted transmittances for acetylated TW with thickness 1 cm at wavelengths of 500, 550, 600, 650, and 700 nm should be 49.2, 52.7, 54.3, 55.9, and 56.5%, respectively, whereas the experimental data are 49.2, 52.4, 54.4%, 56.2, and 56.9%. Both the predictions of nonacetylated and acetylated TW are in good agreement with experimental transmittance data obtained from the integrating sphere ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Thus, this is an additional support of an exponential relationship between the total transmittance and sample thickness. It also suggests that no new type of major optical defects is introduced by TW processing of larger thickness wood templates and the extracted attenuation coefficient is a valid material property.

![(a) Optical transmittances of an acetylated TW with a thickness of 1 cm and nonacetylated TW with a thickness of 0.59 cm. Predicted values are presented together with experimental data. The inserted images show the two types of TW samples on top of a printed symbol "W". (b) Fitting between total transmittance and the sample thickness of nonacetylated transparent wood made from birch and ash. The transmittance was collected at wavelength of 550 nm.](am9b11816_0004){#fig4}

To test the generality of this approach, we also applied the model to TW made from other wood species. In this work, nonacetylated TW based on birch (density 620 kg/m^3^; thickness: 0.07, 0.1, and 0.3 cm; purchased from Calexico Wood AB, Gothenburg, Sweden) and ash (density 650 kg/m^3^; thickness: 0.07, 0.1, and 0.3 cm; purchased from Calexico Wood AB, Gothenburg, Sweden) were also prepared and studied. The fitting showing the relationship between *T*~total~ (at wavelength = 550 nm) and thickness of the TW samples could be found in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. The extracted attenuation coefficients were 2.07 ± 0.05 cm^--1^ for birch-based TW and 2.18 ± 0.02 cm^--1^ for ash-based TW. The higher attenuation coefficients for nonacetylated TWs made from birch and ash compared with that of balsa were mainly ascribed to the higher volume fraction of cellulose in these two materials, which leads to a higher concentration of scattering centers and in turn lower diffusion coefficients. Light traveling through such TW samples covers on average longer optical path lengths and experiences more absorption.

Conclusions {#sec4}
===========

In this work, the photon diffusion equation was used to model a general dependence of total light transmittance of TW samples as a function of sample thickness. The dependence follows an exponentially decaying expression containing attenuation coefficient as the key parameter that characterizes a certain material. Acetylated and nonacetylated balsa TW samples with different thicknesses were prepared and investigated. On the basis of fitting of transmittance, we obtained attenuation coefficients for the acetylated and nonacetylated TW samples as 0.64 ± 0.01 and 1.67 ± 0.08 cm^--1^, respectively, at a wavelength of 550 nm (with weak dependence on wavelength at measured spectral range). The coefficients are qualitatively supported by our haze measurements. According to our model, such attenuation coefficient encompasses both light absorption and scattering effects to light transmittance, and can therefore serve as a primitive material property inherent to a particular type of TW prepared by a certain process. It not only can be used to predict total transmittance across a wider range of sample thicknesses, but also can facilitate cross-comparison of transmittances of samples derived from different wood species. The validity of the model was verified by using TWs also made from birch and ash. Besides transparent wood, our result based on the photon diffusion equation can potentially be generalized to investigate total transmittance of other anisotropic scattering materials, for example, transparent films made of wood fibers, glass fiber composites, nanoparticle composites, or anisotropic polymers.
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